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Preface

This addendum to Part II of the Surveyor III Mission Report contains addi-
tional scientific analyses by several members of the Surveyor Investigator Teams
and Working Groups.
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I. Chondritic Meteorites and the Lunar Surface

J. A. O’Keefe and R. F. Scott

A. Introduction

Landing dynamics and soil penetration of the Surveyor I
spacecraft indicated that the lunar soil has a porosity in
the range 0.35 to 0.45. Experiments with the Surveyor 111
soil mechanics surface sampler (SMSS) show that the
lunar soil is approximately incompressible (as the word
is used in soil mechanics) and that it has an angle of in-
ternal friction of 35 to 37 deg. These results point to a
porosity of 0.35 to 0.45 for the lunar soil; SMSS experi-
ments also suggest a density near 1.5 g/cm?.

The combination of these porosity measurements, with
the already determined radar reflectivity, fixes limits to
the dielectric constant of the grains of the lunar soil. The
highest possible value is about 5.9, relative to vacuum; a
more plausible value is near 4.3. Either figure is incon-
sistent with the idea that the lunar surface is covered by
chondritic meteorites (excluding carbonaceous chondrites)
or other ultrabasic rocks. The data point to acidic rocks,
or possibly vesicular basalis.

B. Porosity of Lunar Soil

It has long been known that the available measure-
ments of the radar reflectivity of the lunar surface are
sufficient to establish a functional relation between the
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chemical constitution of the surface and its porosity. Until
recently, this relation has been used to make estimates of
the porosity from assurmptions about the chemical con-
stitution. It is of even more interest to reverse the process,
if possible, and to derive limits on the possible chemical
properties of lunar surface material from measures of the
porosity.

The landings of Surveyors I and III and the operation
of the SMSS (Ref. I-1) yield information on the physical
properties of the lunar surface material. When a soil is
sheared, it may exhibit volume changes ranging from
compression to expansion, depending on its initial state
of packing. How this occurs can be recognized by visualiz-
ing the behavior of an idealized granular material con-
sisting of spheres equal in size (Refs. I-2 and 1-3). If the
spheres are arranged in their closest packing state (a face-
centered cubic array) and then subjected to increasing
shearing stresses, the mass will expand in total volume as
the spheres ride up over one another. The volume of indi-
vidual spheres does not alter, but the pore volume is en-
larged. Alternatively, when the medium consists of spheres
in the loosest packing state (the simple cubic arrange-
ment), the application of a shearing stress causes the total
volume to decrease as the spheres slide over one another
into a more stable arrangement. In the latter case, the
pore volume diminishes.



Usually, the packing arrangement is characterized by a
parameter termed the “porosity,” n, of the medium, where

__ Volume of voids
Total volume

ey

In the present connection, the voids referred to are those
occurring between the individual grains; voids inside
grains (vesicles) that do not crush during shear play no
part in the volume-change behavior.

In terms of the ideal medium composed of equal
spheres, the porosity at closest packing is 0.26, whereas

the loosest possible packing arrangement gives a porosity
of 0.48.

In real granular soil composed of irregular fragments
of rock, porosities as low as 0.26 are not obtained; the
lower limit to porosity is about 0.35 for a soil with a wide
range of grain sizes in the closest attainable packing state.
For a soil with grains smaller than a few tenths of a
millimeter in diameter and essentially lacking cohesion,
the porosity of the one material may range from about
0.50 in its loosest state to about 0.35 for as tight a packing
as can be achieved. At the higher initial porosity, the soil
will contract on shearing; at the lower initial porosity, it
will expand.

When a particular soil is sheared, its volume changes
(increases or decreases) until it reaches a condition com-
patible with the applied stress system—at which no fur-
ther volume change occurs. The porosity at this constant
volume state is commonly about 0.45 for low values of
stress.

Following the landing of Surveyor I, it was concluded
(Ref. I-4) that the behavior of the soil in contact with the
footpads was consistent with that of a material possessing
a small amount of cohesion and an angle of friction from
30 to 40 deg. The resistance of the soil in contact with the
footpads was explained most plausibly in that model by a
material with a density comparable to ordinary terrestrial
soils, i.e., about 1.5 g/cm?.

On the other hand, by adopting a different model of
soil behavior, Jaffe (Ref. 1-4) concluded from an elemen-
tary analysis of the shock-absorber strain gage records
(without taking into account the dynamic behavior of the
spacecraft’s landing gear) that the density was lower than
this, in the range 0.6 to 0.7 g/cm?®. Jaffe also found in his
analysis that the mechanical behavior was best explained
as that of a soil which compressed under the footpad

during landing. To explain the resistance of the soil to
penetration by the Surveyor I footpad, Jaffe (Ref. I-4) was
compelled by his low value of density to assign a value
of 55 deg to the angle of internal friction of the lunar soil.
As Jaffe himself points out, this is much higher than
values commonly observed on earth (26 to 45 deg), even
in soils composed of very angular fragments. It is ques-
tionable whether such a friction angle is possible in a
compressible soil of the density obtained by Jaffe because,
in terrestrial soils, it is usually observed that the friction
angle decreases as the porosity increases, as shown in
Fig. I-1 (Ref. I.5). In Fig. I-1, each curve represents the
behavior of one soil; soils with a wide range of grain sizes
form the curves on the left side of the diagram, more uni-
form soils fall on the right. i

Spencer (Ref. 1-6) has made cross-sectional profiles
through the rim of soil pushed up by footpad 2 of
Surveyor I, and it is possible to use these to compare the
volume of soil displaced by the footpad with the volume
of the depression in which the footpad is resting. If it is
assumed that no cavity exists below the footpad (an area
which is not visible, of course) it is found that the volume
of soil ejected is approximately equal to the volume of the
depression made by the footpad (about 2,000 cm?), within
limits estimated to be +=15%. The material was, therefore,
not totally compressible, but behaved at shear in a man-
ner similar to that of a fine-grained terrestrial soil. This
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Fig.1-1. Friction angle of various soils vs porosity.
Diagram was redrawn from Ref. I-5. Each
curve represents behavior of one soil
over range of porosities
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would indicate that the lunar soil at the Surveyor I site
possessed a porosity in essentially a normal terrestrial
range of 0.35 to 0.45, excluding the volume of closed voids
(vesicles) in individual grains.

In the Surveyor 111 SMSS experiment on the lunar sur-
face, the soil's behavior again seemed to be relatively
incompressible. When the SMSS was pushed into the
surface in a static bearing test, the adjacent surface rose,
and cracked (because of cohesion) to a distance that is
indicative of the angle of internal friction of the soil. If
the material were substantially compressible, it would
not have exhibited the observed effects upon being sub-
jected to a bearing test. Therefore, these conclusions con-
tradict Jaffe’s (Ref. 1-4) results, indicating a compressible,
low-density granular material. The reason for this appears
to lie in the analysis of the Surveyor I landing. Jaffe caleu-
lated his value of soil density from the observation that
no initial large force, which would be caused by soil
inertial resistance, appeared on the strain gage record.
However, a more detailed computer analysis involving
the dynamics of the Surveyor I spacecraft’s landing gear
indicates that such an initial spike would not be recorded
even during a landing on soil of normal density( Ref. I-7).
The landing velocity is so low that the principal resist-
ance to footpad penetration arises from the strength of
the soil; the initial effect of the soil's density is almost
negligible. The soil’s density cannot, therefore, be calcu-
lated from an elementary analysis of the shock-absorber
force history.

C. Dielectric Constant of Lunar Surface

To apply these results to the question of the chemical
nature of the lunar surface, we make use of Fig. I-2, giv-
ing the relation between grain dielectric constant and
bulk dielectric constant in a granular material (Ref. 1-8).
The relation shown here is that of Béttcher [(Ref. 1-9),
misspelled as “Betner” when translated by Krotikov
(Ref. 1-10)]. This relation is found by Gault, et al. (Ref. I-8)
to provide a reasonable upper limit to the values of the
grain dielectric constant as a function of porosity and
bulk dielectric constant. The formula is

8_1_ 80_1(
3¢ &g+ 2

1 —n) @)

where ¢ is the dielectric constant of the material in bulk,
&, that of the solid portion of the material.

Radar reflectivity measurements, treated on the assump-
tion that the moon is essentially a specularly reflecting
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Fig. I-2. Relation between the bulk dielectric constant,
¢, and the dielectric constant of the grain, ¢,
according to the Bottcher formula
(Ref. 1-9); n is the porosity

dielectric sphere, yield values for the bulk dielectric con-
stant that range from 2.6 to 2.8 relative to vacuum,
depending on the exact method of treatment of the small
nonspecular component (Refs. I-11 and I-12). On the
other hand, Hagfors (Ref. I-13), after a careful review of
the problem, concludes that the radar reflections may not
be coming from the surface but from a deeper layer. By
this assumption, it is possible to explain the values as low
as 1.6 or thereabouts, obtained from radiometric studies
of the moon. We conclude that the limits 1.6 to 2.8 cover
the range of the proposed values. [Brown, et al. (Ref. 1-14)
consider that values as high as 3.5 0.7 are possible; their
theory is not yet available and consideration of this point
is probably premature at this time.]

The reflectivity measurements of Brown, et al. (Ref. I-14)
show that the Surveyor I and III landing sites have about
the same radar reflection behavior as the lunar surface in
general. General theories of the lunar dielectric constant
are, therefore, applicable to the particular regions whose
mechanical properties were measured by these probes.

Taking 50% as an upper limit to the porosity, the highest
value of the grain dielectric constant is 5.9. This value
is inconsistent with the measurements on chondritic



meteorites. Because of the difficulty of measuring the
dielectric constant in conducting materials, Fensler, et al.
(Ref. I-15) give dielectric constants for only two chon-
drites (Leedy and Plainview); they did, however, also
measure enough other ultrabasic rocks to give assurance
that high values of the dielectric constant (7.2 or more)
are associated with such rocks.

The grain dielectric constant of 5.9 is reached by
stretching the data in each respect (bulk dielectric con-
stant, conversion formula, and porosity) in favor of the
hypothesis of very basic material. Using the more plausi-
ble values of 2.7 for the bulk dielectric constant (Ref. I-11),
40% for the porosity, and the Krotikov (Ref. 1-9) formula

(e— 1% (eg— D)%
P Po

3)

where p is the bulk specific gravity, and p, that of the solid
material, we find 4.3 as plausible for the grain dielec-
tric constant. This would indicate either an acidic rock
(granite, rhyolite, or tektite) or a vesicular basaltic rock.

The discrepancy between the maximum value of 5.9
for the grain dielectric constant and the much higher
values {or chondrites could be removed if we could as-
sume that the chondritic material is highly vesicular, hav-
ing 25 to 40% of the volume of the average grain occupied
by void space (in addition to the intergranular voids

amounting to 50% of the volume, of course). Unfortun-
ately, it is well established that chondritic meteorites are
not vesicular in this way. Some chondritic meteorites are
porous, but the porosity is intergranular, not intragranular.

Conceivably, shock might produce porosity in chon-
dritic meteorites. If this is true, and if the moon’s surface
is the source of chondritic meteorites, then it is to be
expected that the porosity will be greatest in those pieces
that have been shocked most strongly. Pieces sent off the
moon will be more strongly shocked, and therefore more
porous than those that have simply been knocked from
one place to another on the moon. But, in fact, we find
that chondritic meteorites that reach the earth are never
porous; therefore, it follows that chondritic material on
the moon should not be porous.

The measurements of dielectric constant thus far avail-
able do not cover carbonaceous chondrites,

Although these results are based on soil experiments
at only two places on the lunar surface, the optical, radar,
radiometric, and thermal data indicate that the lunar sur-
face is much more homogeneous than that of the earth;
it is likely that these experimental data are typical of the
maria at least.

We conclude that the lunar maria are probably not
composed, at their surfaces, of the same material as ordi-
nary chondritic meteorites.
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ll. Interpretation of Surveyor Il Pictures

J. Green

A. Craterlet Origin

The morphology of many craterlets and associated
rocks supports the secondary impact theory for many of
the craterlets observed in Surveyor I1I pictures; however,
the following origins should be considered for craterlets
of the sizes shown by the Surveyor III camera:

(1) Direct primary impact meteoroids.

(2) Secondary impact from debris thrown out of meteo-
roid impact craters.

(3) Secondary impact from volcanic ejecta from vol-
canic centers.

(4) Maar cratering.
(5) Ebullition cratering.
(6) Lava sinks.
Interpretations of these origins are discussed in Refs. II-1

through 1I-4.
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B. Morphology and Surface Textures of Rocks

Rocks visible in Surveyor III pictures range from 1 cm
to more than 1 m in diameter. Some of the largest rocks
observed in photographs from Lunar Orbiters II and II1
measure at least 25 m in diameter.? Worthy of statistical
analysis is the observation that the smaller rock sizes (i.e.,
from 5 to 50 cm) may be more rounded than the angular
fragments in a larger size range (more than 50 cm).

The range in rock shape is from sharply angular to
subrounded, although some rock surfaces are extremely
rounded. (The submerged rock in Fig. II-1, which has a
suggestion of surface polish, is a good example.) The tip
of a markedly angular rock fragment shown under dif-
ferent lighting (Day 110 vs Day 120) was inspected for
dust tufting (Fig. II-2). Electrostatic charging might be
expected to concentrate on points rather than curves;
however, no tufting effect was observed at the 0.5-cm
available resolution.

’E. Whitaker, personal communication.



i

Fig. lI-1. Partially submerged and rounded, cracked
boulder with suggestion of glossy surface
(Day 120, 14:44:53 GMT)

Fig. I-2. Absence of dust tufiing on tip of pointed
rock at 0.5-cm resolution (Day 110, 09:37:16)

Fig. [1-3. Slabby rock, about 0.5 m in length, with pariings parallel to surface (Day 120, 14:52:35)
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Slabby rocks, some 1 m in diameter, are visible in the
pictures. One rock exhibits planes parallel to the lower
and upper surfaces (Fig. II-3), although this is not always
true. In some cases, dust not only forms a shallow apron
around the base of the rock, but actually mantles the

low points and ridges of the rock above the ground level.’

The top surface of this rock and others like it is not
heavily coated with dust. An exception might be the
pitted rock shown in Fig. II-4, in which dust occurs pos-
sibly in the pits on the sides and tops. Minor accumula-
tions of dust might result from local secondary impacts
in the surrounding soil; such dust would tend to be

trapped in pits on the rock surfaces. Seismic activity
associated with these impacts might be sufficient to shake
off the dust from the uppermost surfaces of rocks except
where trapped in pits. Poor adhesion of the lunar soil
to surface rocks is demonstrated in Fig. II-5.

One of the most interesting aspects of surface rock
morphology is the presence of oblate spheroid and other
more elongated shapes resting on the surface with no
visible evidence of indentation—almost tangential con-
tact. Figure 1I-6 shows a variably mottled, oblate rock
about 25 cm in length with demonstrable overhangs. The

Fig. l1-4. Pitted rock with possible dust in pits: {a) Day 120, 12:47:41; (b} Day 120, 12:47:41, computer-processed;
{c) Day 117, 14:38:17, computer-processed; and (d) Day 116, 08:55:40, computer-processed
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Fig. 1-6. Comparison of lunar rock under two different conditions of lighting with terrestrial volcanic bomb from
Hawadii: {a) lunar rock (Day 116, 09:07:06); (b) lunar rock (Day 118, 08:51:43); and (c) volcanic bomb,
northern inside slope, Haleakala caldera, Maui. Lunar rock and
terrestrial bomb are approximately 25 cm in length

Fig. H-7. Rounded, perhaps broken, rock about 25 cm
in length (Day 120, 13:42:48)

rock is ribbed and is similar in appearance to a volcanic
bomb. Some rounded rocks appear to be on end, with
their long axis perpendicular to the lunar surface; one
rounded rock appears to have broken (perhaps on im-
pact) and shows some pitting on the interior (Fig. 1I-7).
Bomb-like rocks occur in some of the other pictures,
which are similar to those present in the pictures from
Surveyor I. Bomb-like rocks shown in the pictures from
Surveyor I are compared with those from various volcanic
provinces on earth in Fig. 1-8.

There has been much controversy concerning the ozi-
gin of pitting on lunar rocks. Vesiculation by volcanic

JPL TECHNICAL REPORT 32-1177

processes, by impact melting, and pitting by small mete-
oroid bombardment, are three possible explanations. The
rock picked up by the soil mechanics surface sampler
(SMSS), with a force of approximately 3.4 X 10° dynes/em?
showed well-defined pits about 3 mm in diameter. A
prime example of surface pitting is on the prominent rock
shown under a low sun angle in Fig. 11-9, although the
pitting often associated with rounded rocks also occurs
in many other pictures. The presence of what appears
to be a partially submerged, rounded rock with surface
pitting, located in a shallow crater (Fig. IT-10a and 11-10b),
conceivably can be interpreted as a volcanic bomb in its
impact crater (Ref. II-5). Other interpretations, however,
must be considered.

In addition to pitting, many rocks seen in the
Surveyor I1I pictures are mottled; the markings, and some
appear to have positive relief, range from 1 to 5 c¢cm in
size. In one case, one mottled rock is of high albedo and
conspicuously rounded. Other mottled rocks can be seen
in other pictures. One of these rocks has a hint of a sur-
face bulge or fold.

It is surprising that there was no more evidence of
rock tracks caused by rolling after impact, or other sec-
ondary displacements. No slump or skid marks were
observed upslope of the rock halfway down a crater slope
of about 14 deg; however, one rock is associated with a
faint groove.

11



Fig. 11-8. Comparison of meter-sized lunar rocks with terrestrial volcanic bombs: (a) crude suggestion of bomb-like
rock in lunar picture taken by Surveyor [; (b) Surveyor ! picture showing rock with surface pitting with strong
suggestion of caudal appendage; (c} Surveyor | picture showing lunar rock with possible sag structures
and suggestion of internal pitting; {d) aerodynamically shaped, basaltic volcanic bomb 0.5 m in
length, Batur caldera, Bali; (e) ribbed basaltic bomb 2 m in length, Aso caldera floor Kyushu;
and (f} basaltic bomb 10 cm in length, showing sag structures,

Fire Mountains, Lanzarote, Canary Islands

12 JPL TECHNICAL REPORT 32-1177



Fig. l1-9. Pitted rock about 0.5 m in length: (a) Day 120, 15:07:16; and (b} Day 120, 15:07:16, computer-processed
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Fig. H-10. (a) Craterlet containing pitted mass (Day 116, 08:41:23); (b) volcanic bomb impact crater, central
volcano, Batur caldera, Bali. Deposition of wind-blown dust in craterlet depression accounts for
change in surface texture. Note other secondary impact craters on ash-covered slope in
background; some of these craters have slightly raised rims

14 JPL TECHNICAL REPORT 32-1177



A spectrum of morphologies of early Ute Mountain
quaternary basaltic rocks was photographed along the
upper Rio Grande River in New Mexico (Fig. II-11) to
show the range of genetically significant surface textures.
The first texture is that of vesicularity. As seen in
Fig. II-12, it is possible within one picture to show
boulders lying side-by-side that exhibit a complete spec-
trum in vesicularity, even though the host rock chemistry

Fig. Il-11. Rio Grande Gorge near Cerro, New Mexico,
Ute Mountain quaternary basalt;
view looking north

Fig. l1-12. Contrasting surface textures of Ute Mountain
basalt boulders, Rio Grande Gorge near
Cerro, New Mexico

JPL TECHNICAL REPORT 32-1177

is the same. However, in some cases, the vesicles may be
extremely large and parallel to the flow layering; in other
cases, bubbles produce vertical trains of vesiculation that
are perpendicular to the originally vesicular horizontal
flow tops and bottoms (Fig. II-13). This relationship,
looked for but not found in Surveyor III pictures, is in-
dicative of volcanism and not impact.

Many of the Surveyor III rocks show distinct slabbi-
ness. Sometimes vesiculation in basalts may enhance such
horizontal parting (Fig. I1-14); at other times, the texture
is related to flow unit surfaces that are not vesicular
(Fig. II-15).

As for other features of genetic significance, vesicle
size increases toward the center of basaltic volcanic
bombs (Fig. I11-16), but not necessarily downward from a
flow contact or inward from a bubble train. Breadcrust-
ing (Fig. 11-17) is a feature indicative of silicic volcanic
bombs, much less so of basaltic bombs, and never of
mechanically broken flow units. No rocks shown in pic-
tures by Surveyors I or I11 show breadcrusting.

C. Sorting of Unconsolidated Surface Material

Of genetic significance is the absence of large and
small rocks in the three SMSS jaw-cut surfaces. These
cuts measure about 5 cm across by about 10 cm deep
(Fig. 11-18). Confining the discussion to these exposures
only, one can see that the range in visible grain size is
very small. In other words, from the limit of visual reso-
lution to the width of the jaw cut, there are no fragments
demonstrably larger than the 0.5-mm limit of resolution.
The absence of a wide range in size of millimeter-to-
centimeter rocks in the surface soil may be genetically
important. This fabric is perhaps similar to the size range
observed in a volcanic ash fall. Poor sorting of impact
debris on the moon in the millimeter-to-meter range
would probably be the case unless a high degree of sub-
sequent comminution resulted from micrometeorites.
Poor sorting of nuée ardente flows in the millimeter-to-
decimeter range (Fig. II-19) would also probably occur
on the moon. This would, however, apply to the lower
dense phase; the uppermost surface could be well sorted
and poorly consolidated.

However, the color of the subsurface material exposed
by the surface sampler is dark; most ignimbrites are light
colored. Also, ash flows mask other objects while ash falls
mantle them. Volcanoes often emit ash within a narrow
size range for sustained periods. In the Surveyor III pic-
tures, a dust-mantled surface may be seen on which
craterlets of probably multiple origins occur.
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Fig. lI-13. (a) Crudely layered Ute Mountain basaltic rock with large {2 to 5 ¢cm) flow-oriented vesicles;
{b) Ute Mountain basaltic rock with vertical trains of gas bubbles
perpendicular to vesicular flow layer zones
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Fig. ll-14. Well-layered Ute Mountain basaltic Fig. lI-15. Slabby Ute Mouniain basaltic rock
rock. Layers are defined by small with minor vesiculation
vesicle concentrations

Fig. 1-16. Internal structure of basaltic volcanic bomb from Kana-Mahara’ge.
Diameter of the bomb is 4 ¢cm (see Ref. lI-6, p. 108)
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Fig. l1-17. Breadcrust andesite bomb from Santorin, Greece. Diameter of the bomb is 12 em (see Ref. li-6, p. 69)
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Fig.11-18. Fine grain size {less than 1 mm) of the lunar surface. The excavation {5 by 10 cm)
and surface cracks in the lunar soil were made by the Surveyor Il
SMSS (Day 120, 14:28:03)
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19



20

Fig. 11-19. Poorly soried ash flow at Clear Creek Canyon, Joe Lott tuff, Utah. Note the range of angularity
and the variation of internal structure of included fragments
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D. Nature of Unconsolidated Surface Material

The darker undersurface of the “soil” shown in pictures
of the Surveyor I and III areas suggests that the upper-
most surface is extremely fine-grained, as suggested in
Ref. II-7. Any material pulverized to a finer grain size
becomes lighter in color. The probable change in the
photometric function discussed below and the appear-
ance of uppermost surface soil platelets (some of which
are tilted) on the margins of the jaw trench (Fig. I1-18)
or on the honeycomb “waffle” imprint help to verify a
very fine grain size for this uppermost surface.

The good coherence and the poor adherence of uncon-
solidated lunar surface material can be interpreted in sev-
eral ways. Because the likelihood of clay alteration is as
remote as surface moisture at this Surveyor site, the
clumping together of silicate grains that could have been
contaminated by (1) rocket blast, (2) vaporized rock from
impact, or (3) emanations from the subsurface fractures
or volcanic vents can be affected by grain size, grain
shape, and vacuum. There was relatively poor adherence
of the soil to the SMSS scoop and to the rock shown in
Fig, II-5. This suggests that grain shape is quite impor-
tant in promoting coherence. If hard vacuum promotes
coherence because of the grain size factor alone, then the
surface dust should have adhered to a silicate rock sur-
face. Figure II-20 shows a 0.25-mm pyroclastic basalt
grain from Paricutin ash, which might be similar to the
grain shape of lunar soil of equivalent size. Reduction
of grain size of the particle shown would yield shards of
good interlocking quality. Variations of bearing resistance

BASALTIC ASH 0.25 mm (60 MESH)

with porosity for two grain sizes of Paricutin ash are
shown in Fig. I1-21. The high angle of repose of Paricutin
ash (Fig. 11-22) in the field can be attributed in large part
to the high angularity of the grains (Ref. II-8).

E. Photometric Function of Uppermost Layer

Variation in the photometric function was observed on
many rocks. The hint of a shiny surface on the highly
rounded surface of the partially buried rock in Fig,. II-1,
for example, is possibly attributable to desert varnish
(Ref. 11-2).

The strong increase in albedo of the honeycomb im-
print of footpad 2 on Day 112, compared to the days
before and after Day 112, supports the concept of very
fine surface dust probably below 30 n in diameter. Some
speculations are offered. First, is the uppermost surface
layer genetically related to the underlying darker mate-
rial, and does the surface layer coarsen with depth? If
there is an increase in grain size with depth, one must be
prepared to prove how a micrometeoroid turnover would
preserve only an uppermost surface of much finer grain
size. Volcanic ash falls commonly yield fairly well-sorted
accumulations when the range of particles emitted from
the volcanic vent is narrow. By hindered settling through
an atmosphere, a layer of well-sorted, but very finely par-
ticulate, material is deposited on the underlying well-
sorted, but coarser, material. On the moon, the possibility
of separation of micron-sized ash particles from the
coarser debris must not be overlooked because of the
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LOCKING EFFECT OF VESICULATE GRAINS
WHEN ROTATED

Fig. 11-20. Grain-shape effect in increasing shearing resistance. Grain shown is from Paricutin, Mexico
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Fig.11-21. Shearing resistance vs porosity of basaltic ash of two indicated grain sizes from Paricutin, Mexico:
(a) 0.10 t0 0.15 mm and (b) 0.25 to 0.50 mm. Porosity at critical density is denoted by the horizontal
arrow. Critical density is that density at which neither volume expansion norcontraction
occurred on turning the vane penetrometer used to measure shearing
resistance, The vacuum cited is 10-% torr

concurrent production of voleanic gases or electrostatic
charge that could have temporarily produced hindered
settling,

Other materials, when crushed by footpad 2 of
Surveyor 111, also could affect the photometric function.
Surface veneers on the moon may correspond to strato-
spheric aerosols. A study of such particles collected at an
altitude of 20 km (Ref. II-9) shows that they consist pri-
marily of ammonium sulfate. The particles have diam-
eters ranging from 0.01 to 0.7 y, consist of a fragile fluff,
are water soluble, and have a nucleus insoluble in water.
The origin of these particles by either impact, volcanic, or
cosmic mechanisms has not been determined. However,
on the moon, the accumulation of such aerosols is a dis-
tinct possibility. Other aerosols of a purely voleanic origin
have been studied in the laboratory. McConnell, et al.,
(Ref. 1I-10) have analyzed the aerosols emitted by molten
basalt at 1200°C in vacuum; the condensate contained
potassium, calcium, and iron. In general, one finds abnor-
mally high concentrations of soluble sodium compounds
in fresh pyroclastics. Markhinin (Ref. II-11) has shown
that when volcanic ash falls on snow, and is analyzed with
the snow, the sodium is identified only in the snow water

22

and not in the subsequent water extracts. The possibility
should not be overlooked of high concentrations of
sodium, sulfur, and chlorine in lunar pyroclastics in topo-
graphic low areas on the moon.

F. Conclusions

Surveyor III pictures have provided additional mor-
phological and textural detail consistent, according to
some authorities, with both the impact and volcanic
models of the lunar surface. In the opinion of the writer,
the data are in closer agreement with the volcanic model.
If the SMSS jaw-cut exposures are representative of the
upper, unconsolidated surface layer of the moon, then the
formation of this fine-grained layer containing almost no
visible fragments in the millimeter-to-centimeter size
range suggests that the layer may be an ash fall on which
subsequent events, such as volcanic explosivity, or sec-
ondary impact by volcanic bombs or meteoroid ejecta,
could have occurred. Secondary impact could expose and
fragment underlying bedrock. The impacting bombs and
blocks could also fragment on impact, become partially
or totally buried, or roll or skid to rest tangentially on the
surface.
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Fig. 1-22, Steep standing basaltic ash cliffs, south flunk of Paricutin Volcano, Mexico
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